Establishment of the dorsoventral axis is central to animal embryonic organization. In Xenopus two different classes of signaling molecules function in the dorsoventral patterning of the mesoderm. Both the TGF-b-related products of the BMP-2 and BMP-4 genes and the Wnt molecule encoded by Xenopus Wnt-8 specify ventral fate and appear to inhibit dorsal mesodermal development. The similar functions of these molecularly very different classes of signaling molecules prompted us to study their mutual regulation and to closely compare their roles in mesoderm patterning. We find that Wnt-8 and BMP-4 are indistinguishable in their abilities to induce expression of ventral genes. Although BMP-2/-4 signaling regulates Wnt-8 expression, these genes do not function in a linear pathway because Wnt-8 overexpression cannot compensate for an inhibition of BMP-2/-4 function, but rather BMP-4 overexpression rescues ventral gene expression in embryos with inhibited Wnt-8 function. We further find that Wnt-8 and BMP-2/-4 differ in their abilities to regulate dorsal gene expression. While BMP-4 appears to generally inhibit the expression of dorsal genes, Xenopus Wnt-8 only inhibits the expression of the notochord marker Xnot. Whereas the inhibitory effect of BMP-2/-4 localizes dorsal mesodermal fate, our results suggest that Xenopus Wnt-8 functions in the further patterning of the dorsal mesoderm into the most dorsal sector from which the notochord develops and the dorsolateral sector from where the somites differentiate.
Introduction
During early Xenopus development, molecular interactions between the animal and the vegetal hemisphere of the embryo induce mesodermal fate in the marginal zone (e.g. Cornell et al., 1995) . Sperm entry at fertilization indirectly establishes a dorsoventral polarity within this marginal zone (e.g. Rowning et al., 1997) . The dorsoventral patterning of the embryo is subsequently maintained and refined by further signaling interactions between dorsal and ventral tissues. There are two molecular signaling systems which have been implicated in mediating this dorsoventral patterning in the gastrula: one employs the TGF-b-related products of the BMP-2 and BMP-4 genes, and the other one acts through the Wnt molecule encoded by Xenopus Wnt-8.
The maternally-encoded BMP-2 protein is ubiquitously present in early Xenopus embryos and can still be detected at early gastrulation stages (Ueno et al., 1992) . The zygotic BMP-4 is ubiquitously expressed after the mid-blastula transition (MBT), but only at low levels (Dale et al., 1992) . High-level expression of BMP-4 begins with gastrulation (Dale et al., 1992) , is first localized at the animal pole and only at later stages of gastrulation reaches the ventral and then the lateral marginal zone (Fainsod et al., 1994; Schmidt et al., 1995) . BMP-2 and BMP-4 may have very similar if not identical activities (Clement et al., 1995) and overexpression of either BMP-2 or BMP-4 in the dorsal marginal zone by localized RNA injections causes upregulation and ectopic expression of ventral specific marker genes and repression of dorsal genes (Clement et al., 1995; Schmidt et al., 1995; Dosch et al., 1997) . Inhibition of BMP-2/-4 signaling with a mutated BMP-2/-4 receptor with dominant-negative activity abolishes expression of ventral specific marker genes and causes ectopic expression of dorsal genes (Graff et al., 1994; Suzuki et al., 1994; Schmidt et al., 1995) . It is now thought that the endogenous BMP-2/-4 antagonists chordin, noggin and follistatin are expressed in the dorsal marginal zone in order to inhibit the ventral promoting BMP-2/-4 factors and thereby allowing dorsal development (Piccolo et al., 1996; Zimmerman et al., 1996; Fainsod et al., 1997) .
Xenopus Wnt-8 is expressed in the ventral marginal zone during gastrulation stages (Christian et al., 1991; Smith and Harland, 1991) . Ectopic expression of Wnt-8 in the dorsal mesoderm, from a promoter expressed at about the same stages as the endogenous gene, induces expression of ventral specific marker genes and causes the replacement of the most dorsal fate (notochord) by more lateral tissue (somitic muscle) (Christian and Moon, 1993; Hoppler et al., 1996) . Inhibition of Wnt signaling with a dominant-negative Wnt (Hoppler et al., 1996) , or with ectopic expression of the endogenous Wnt antagonist Frzb-1 (Leyns et al., 1997; Wang et al., 1997) , leads to lack of ventral gene expression at gastrulation and results in development of tadpoles with disorganized mesoderm. The evidently very similar activities of the BMP-2/-4 class and the Wnt class of signaling molecules raises the question of their respective roles in mesodermal patterning (Lemaire, 1996; Glinka et al., 1997; Salic et al., 1997) ; whether they regulate each other, and whether their activities are dependent on each other. Our results suggest that both classes of signaling molecules function in the specification of ventral mesodermal fate but that, although required, Wnt-8 function is subordinate to BMP-2/-4 function because BMP-2/-4 overexpression can compensate for an inhibition of Wnt-8 signaling. In the dorsal mesoderm, however, Wnt-8 signaling appears to have a different activity than BMP-2/-4 and we suggest that endogenous Wnt-8 functions in the positioning of the notochord/ somite boundary.
Results and discussion

Wnt-8 expression is regulated by BMP-2/-4 signaling
Because the similar effects of overexpression of BMP-2/-4 (Dale et al., 1992; Fainsod et al., 1994) and Wnt-8 (Christian and Moon, 1993; Hoppler et al., 1996) suggested that these factors function in a similar developmental pathway, we investigated whether they regulate each other. We first investigated whether BMP-4 expression was dependent on Wnt-8 function. We therefore compared BMP-4 expression during gastrulation stages in uninjected embryos (Fig. 1A ) with its expression in embryos with either inhibited Wnt signaling (Fig. 1B) or ectopic Wnt-8 function (Fig. 1C) . We find that neither Wnt loss of function nor Wnt gain of function affects BMP-4 expression, suggesting that endogenous BMP-4 expression is not regulated by Wnt-8 function. Since BMP-2 is maternally supplied (Ueno et al., 1992) and Wnt-8 is only expressed after the MBT (Christian et al., 1991) we could reject the possibility that zygotic Wnt-8 regulates maternal BMP-2 expression.
However, BMP-2 could possibly regulate Wnt-8 expression in the prospective ventral mesoderm. In order to address the question whether BMP-2/-4 signaling regulates Wnt-8 expression, we analyzed Wnt-8 expression in uninjected embryos (Fig. 1D ) and compared it with the Wnt-8 expression in embryos with either inhibited BMP-2/-4 signaling (Fig. 1E) or ectopic BMP-4 function during gastrulation stages (Fig. 1F) . Confirming the result of an earlier similar experiment (Schmidt et al., 1995) we find that Wnt-8 expression is undetectable in BMP-2/-4 inhibited embryos (Fig. 1E ) which implies that BMP-2/-4 signaling is required for endogenous Wnt-8 expression. When BMP-4 is ectopically expressed in the dorsal marginal zone after MBT, we also find ectopic Wnt-8 expression in the same tissue (Fig. 1F) indicating that BMP-2/-4 signaling is sufficient within the marginal zone during early gastrulation for Wnt-8 expression.
These results establish that endogenous BMP-2/-4 signaling function regulates Wnt-8 expression in the Xenopus gastrula. Since Wnt-8 is expressed at high levels in the ventral marginal zone (Christian et al., 1991) well before BMP-4 (Fainsod et al., 1994; Schmidt et al., 1995) we suggest that remaining maternal BMP-2 (Ueno et al., 1992) or low levels of ubiquitously-expressed zygotic BMP-4 (Dale et al., 1992) function to induce Wnt-8 expression within the ventral marginal zone together with other mesoderm inducing factors (e.g. Christian et al., 1992) . The similar effects of BMP-2/-4 and Wnt-8 signaling on mesodermal patterning could therefore suggest that these factors function in a linear pathway which patterns the mesoderm during development, such that BMP-2/-4 induces Wnt-8 expression which then specifies ventral mesodermal development.
BMP-2/-4 and Wnt-8 cooperatively specify ventral fate
Both BMP-2/-4 and Wnt-8 signaling are thought to promote ventral mesodermal development (e.g. Dale et al., 1992; Christian and Moon, 1993) . The expression of the ventral gene Xpo (Sato and Sargent, 1991; Amaya et al., 1993) is upregulated by overexpression of BMP-4 (Schmidt et al., 1995) but also by ectopic expression of Wnt-8 (Hoppler et al., 1996) . Conversely, Xpo expression is reduced where either BMP-2/-4 function (Suzuki et al., 1994) or Wnt function (Hoppler et al., 1996) is inhibited. We expand this comparison between the effects of Wnt-8 and BMP-2/-4 on ventral development by studying the expression of the ventral marker genes Xvent-1 and Vox which have been shown to be positively regulated by BMP-2/-4 signaling (Gawantka et al., 1995; Ladher et al., 1996; Onichtchouk et al., 1996; Schmidt et al., 1996) .
In uninjected embryos Xvent-1 is expressed in a narrow band in the ventral marginal zone ( Fig. 2A ; Gawantka et al., 1995) . In Wnt inhibited embryos we find Xvent-1 expression undetectable (Fig. 2B) . If Wnt-8 is ectopically expressed in the dorsal marginal zone Xvent-1, expression is expanded into the dorsolateral marginal zone (Fig. 2C) . These results show that Xvent-1 expression is positively regulated by Wnt signaling. Conversely, Wnt-8 expression has been shown to be positively regulated by Xvent-1 (Gawantka et al., 1995) . Both of these results and the very similar expression patterns of Xenopus Wnt-8 ( Fig. 1D ; Christian et al., 1991) and Xvent-1 ( Fig. 2A ; Gawantka et al., 1995) suggest that these genes function to positively reinforce each other's expression in a regulatory loop. However, it is clearly noticeable that ectopic Wnt-8 expression in the dorsal marginal zone cannot drive Xvent-1 expression into the most dorsal marginal zone near the dorsal lip (Fig. 2C ). We think this can be explained by the reported repression of Xvent-1 expression by the product of the goosecoid (gsc) gene (Gawantka et al., 1995) .
The Vox gene is expressed in a wide domain in gastrulating embryos but is excluded from the most dorsal marginal zone ( Fig. 2D ; Ladher et al., 1996; Onichtchouk et al., 1996; Schmidt et al., 1996) . In Wnt inhibited embryos the expression of Vox is absent from the whole marginal zone (Fig.  2E ). Vox expression is expanded into the dorsal marginal zone when ectopic Wnt-8 is expressed in this tissue (Fig.  2F ). This shows that Vox expression is also positively regulated by Wnt-8 signaling (see also Ladher et al., 1996) .
Together, these results suggest that BMP-2/-4 and Wnt-8 signaling function in the same developmental pathway in the ventral marginal zone. If BMP-2/-4 signaling functions upstream of Wnt-8 in a linear pathway which specifies ventral gene expression, one might predict that exogenous Wnt-8 expression would be able to rescue ventral gene expression in BMP-2/-4 inhibited embryos, but that exogenous BMP-4 expression would always require functional Wnt signaling in order to promote ventral gene expression. In order to test these predictions, we analyzed the expression of ventral marker genes, first in embryos in which the Wnt pathway was inhibited, but at the same time BMP-4 was overexpressed and, second in embryos in which the BMP-2/-4 pathway was inhibited, but Wnt-8 was overexpressed.
At gastrulation stages, Xpo is normally expressed in the ventral and lateral marginal zone, as well as in the animal pole ( Fig. 3A ; Amaya et al., 1993) . Inhibition of Wnt signaling reduces Xpo expression almost completely (Hoppler et al., 1996) . We were surprised to find that Xpo expression in Wnt inhibited embryos was rescued where BMP-4 was overexpressed (Fig. 3B, arrowhead) . We further found that Xpo expression in BMP-2/-4 inhibited embryos was not rescued by Wnt-8 overexpression (Fig. 3C ). These surprising results were confirmed with the other ventral markers Vox and Xvent-1. Vox expression during gastrulation is similar to Xpo expression in that both are expressed in the ventral and lateral marginal zone and in the animal pole ( Fig.  3D ; Ladher et al., 1996; Onichtchouk et al., 1996; Schmidt et al., 1996) . Vox expression is absent in the marginal zone of Wnt inhibited embryos (Fig. 2E ), but can be rescued by BMP-4 overexpression (Fig. 3E, arrowhead) . Wnt-8 overexpression is however, not sufficient for rescuing Vox expression in BMP-2/-4 inhibited embryos (Fig. 3F) . Xvent-1 expression is restricted to the ventral marginal zone ( Fig. 3G ; Gawantka et al., 1995) and we find it is . Note that the expression of both ventral genes in the marginal zone (arrowheads in panels A and D, respectively) is dependent on Wnt signaling; inhibition of normal Wnt function abolishes the marginal zone expression of both Xvent-1 (B) as well as Vox (E) and ectopic Wnt-8 expands the expression of Vox into the dorsal marginal zone (F, arrowheads) and the expression of Xvent-1 towards the dorsal marginal zone (C, arrowheads). Closer examination reveals that Vox expression in the animal cap is not affected by marginal zone injections of dnXwnt-8 RNA (indicated by small arrowhead in panel E) and that Xvent-1 expression is not expanded into the dorsal marginal zone even in embryos with ectopic Wnt-8 (note the dorsolateral limit of Xvent-1 expression, indicated by upper arrowhead, in panel C). Vegetal views (dorsal towards the top) of early gastrula stage embryos (stage 10 1/2) which were assayed for gene expression by RNA in situ hybridization. absolutely dependent on functional Wnt signaling (Fig. 2B) . Xvent-1 expression in Wnt inhibited embryos can be rescued by BMP-4 overexpression (Fig. 3H, arrowhead) , but in BMP-2/-4 inhibited embryos with overexpressed Wnt-8, Xvent-1 expression remains undetectable (Fig. 3I) .
These above results suggest a complex relationship between BMP-2/-4 and Wnt-8 function in the ventral marginal zone which cannot be interpreted as a simple linear pathway. Our results ascertain an absolute requirement for BMP-2/-4 signaling for the expression of ventral genes, a requirement that cannot be circumvented with an excess of Wnt-8 signal. Moreover, when BMP-4 is overexpressed, BMP-2/-4 signaling is also apparently sufficient for ventral gene expression irrespective of Wnt signaling function. However, in the context of an embryo with normal BMP-4 expression, functional Wnt signaling is required for the expression of ventral genes ( Fig. 2; Hoppler et al., 1996) . Endogenous BMP-2/-4 signaling is therefore not sufficient on its own and requires Wnt-8 function for the specification of ventral fate.
Our results can be explained by assuming that the relatively low concentration of BMP-2/-4 signal in the marginal zone of early gastrula stage embryos, from either the remaining maternal BMP-2 expression (Ueno et al., 1992) or from the low-level ubiquitous expression of BMP-4 (Dale et al., 1992 ) are insufficient for high-level expression of most ventral genes, like Xpo, Xvent-1 and Vox, but that endogenous Wnt-8 functions to subsequently upregulate the expression of these genes in the ventral marginal zone. We therefore suggest that endogenous Wnt-8 and BMP-2/-4 signaling cooperatively specify ventral mesodermal fate in normal embryos. In this cooperation, BMP-2/-4 function appears to be more central, which leaves a more subordinate but still essential role for Wnt-8 function.
Wnt signaling functions in the dorsal mesoderm in the positioning of the notochord/somite boundary
Although BMP-2/-4 and Wnt-8 signaling have similar effects on ventral mesodermal development, there are different reported effects of these signals on dorsal mesodermal gene expression. It has been proposed that endogenous BMP-2/-4 signals function to inhibit goosecoid (gsc) expression (Dale et al., 1992; Fainsod et al., 1994; Graff et al., 1994; Schmidt et al., 1995; Steinbeisser et al., 1995) but that gsc expression is not significantly affected by Wnt-8 overexpression (Christian and Moon, 1993) or inhibition of Wnt function (Hoppler et al., 1996) . Consistent with this we find, in mid-gastrula Xenopus embryos, that inhibition of BMP-2/-4 signaling (dnBMPR RNA injection) causes an expansion of gsc expression into the ventral marginal zone (data not shown) and that ectopic dorsal expression of BMP-4 (CSKA BMP-4 DNA injection) restricts gsc expression to a very narrow domain in the most dorsal mesoderm (data not shown). We further confirm that neither ectopic expression of Wnt-8 in the dorsal mesoderm (CSKA Xwnt-8 DNA injection) nor inhibition of Wnt signaling (dnXwnt-8 RNA injection) affects gsc expression (data not shown). We also find that chordin expression which is thought to be regulated by gsc function (Sasai et al., 1994) is not affected by Wnt-8 signaling function in mid-gastrula embryos (Figs. 4D and  5D ). These results with gsc and chordin expression confirm that Wnt-8 and BMP-2/-4 signaling have different activities on gene expression in the dorsal marginal zone. However, this leaves us with the question what effect, if any, endogenous Wnt-8 signaling has on the development of the dorsal marginal zone. Since ectopic expression of Wnt-8 is able to divert the fate of presumptive notochord cells towards muscle differentiation (Christian and Moon, 1993) , we tested the hypothesis that Wnt-8 functions as an inhibitor of notochord fate concomitant with a positive regulatory role on somite fate. We therefore investigated whether endogenous Wnt-8 signaling affected the expression of molecular markers for these tissues in mid-gastrula Xenopus embryos.
Xnot encodes a homeodomain-containing transcription factor which is expressed exclusively in that part of the dorsal mesoderm (e.g. Figs. 4A and 5A) which will give rise to the notochord in Xenopus (Xnot-2, Gont et al., 1993; Xnot, von Dassow et al., 1993) , zebrafish (Talbot et al., 1995) , and chicken (Stein and Kessel, 1995) . Its expression is partially sufficient for the specification of notochord tissue in Xenopus embryos (Gont et al., 1996) and mutations in the zebrafish homologue, floating head, lead to the development of fish that specifically lack a notochord (Talbot et al., 1995) . XmyoD is normally expressed in two domains in the dorsolateral mesoderm with a distinctive gap of expression in the most dorsal marginal zone (Figs. 4E and 5E; Frank and Harland, 1991; Hopwood et al., 1992) , which includes the domain of expression of Xnot in the presumptive notochord field (von Dassow et al., 1993) . XmyoD is the homologue of the mouse myogenic transcription factor MyoD (e.g. Murre et al., 1989; Hopwood et al., 1992) and expression of XmyoD in Xenopus has been found to be sufficient for ectopic muscle gene activation (Hopwood and Gurdon, 1990) . However, because MyoD mutant mice form somites, other closely-related factors such as Myf-5 have been suggested to compensate for mutations in MyoD in specifying somitic muscle (Rudnicki et al., 1992) .
We have previously shown that XmyoD expression is not detectable in Xenopus embryos in which Wnt signaling function is inhibited by injection of RNA encoding a dominant-negative Wnt protein (dnXwnt-8, see also Fig. 4F ) and that such embryos develop with reduced somites (Hoppler et al., 1996) . Those results raised the question of whether cells in the presumptive somite field of such embryos stay in an undetermined and undifferentiated state or whether they assume a new fate and develop along a different developmental pathway. We specifically asked whether notochord fate, monitored by expression of the notochord specific gene Xnot, was expanded into the presumptive somite field when endogenous Wnt signaling was blocked by prior injection of RNA encoding dnXwnt-8. In control embryos we find that Xnot is expressed in the most dorsal marginal zone (Fig. 4A) as previously described (von Dassow et al., 1993) . In embryos injected with dnXwnt-8 RNA, however, Xnot expression fills a dorsal sector of approximately 180° (Fig.   4B ). Thus, Xnot expression is indeed expanded into the presumptive somite field in the dorsolateral mesoderm when endogenous Wnt signaling is inhibited. This result is consistent with the hypothesis that endogenous Wnt-8 directly or indirectly represses Xnot expression and that (A,B) , chordin (C,D) and XMyoD (E,F) expression in these embryos was analyzed at mid-gastrulation by RNA in situ hybridization.
inhibition of Wnt-8 alleviates the inhibition of expression of Xnot and allows the lateral spread of expression of Xnot.
Ectopic expression of Wnt-8 expands the domain of expression of XmyoD into the most dorsal marginal zone (e.g. Fig. 5F ) and therefore causes the two lateral domains of expression of XmyoD to fuse at the dorsal midline (Hoppler et al., 1996) . Since Xnot is normally expressed in the most dorsal marginal zone, we asked whether the expression of Xnot was affected by ectopic expression of Wnt-8 on the dorsal side, or whether both Xnot and XmyoD were expressed together at the dorsal midline of such embryos. If Wnt signaling negatively regulates Xnot expression, as suggested above, then ectopic expression of Wnt-8 should repress the expression of Xnot. In order to test this, we studied the expression of Xnot by in situ hybridization in control embryos and in embryos injected into the dorsal marginal zone with CSKA Xwnt-8 DNA. In embryos injected with a control plasmid, Xnot is expressed in the dorsal midline ( Fig. 5A; von Dassow et al., 1993) . Ectopic Wnt-8 completely represses this expression of Xnot (Fig.  5B ). This result shows that ectopic Wnt-8 activity can indeed repress the expression of the notochord regulatory gene Xnot. Thus, Wnt-8 has the potential to negatively regulate Xnot (present study), while positively regulating XmyoD (Hoppler et al., 1996) .
We propose that endogenous Wnt-8 signaling functions to segregate the domains of expression of Xnot and XmyoD in the dorsal mesoderm in such a way that Xnot is only expressed in the most dorsal mesoderm and XmyoD is expressed in the dorsolateral mesoderm. This segregation involves the positive regulation of XmyoD concomitant with the negative regulation of Xnot (Fig. 6) . The Xnotexpressing cells will go on to form the notochord, whereas XmyoD-expressing cells develop into somites. Our results therefore explain why ectopic expression of Wnt-8 in presumptive notochord cells causes them to differentiate as muscle tissue instead of notochord (Christian and Moon, 1993) . However, our experiments are not designed to address the question of whether Xenopus Wnt-8 regulates both genes directly or whether Wnt-8 initially regulates the expression of one of these genes which then functions to exclude the other gene from being expressed in the same domain. It is interesting to note in this context that zebrafish which are mutant in the Xnot homologue, floating head, lack a notochord (Talbot et al., 1995) and that in these fish, presumptive notochord cells differentiate as somitic muscle cells Melby et al., 1996) .
During gastrulation Xnot is expressed in a region of the prospective mesoderm representing the most dorsal cell fate (e.g. Fig. 4A ), while Xenopus Wnt-8 is expressed in ventrolateral cells (e.g. Fig. 1D ). Although Wnts have been shown to be able to exert their function over considerable distances (e.g. Hoppler and Bienz, 1995; Zecca et al., 1996) , it is reasonable to ask whether Wnt-8 signaling is sufficient to define the sharp boundary between the domains of expression of Xnot and XmyoD. The gene Frzb-1 encodes a secreted protein (Hoang et al., 1996) related to the frizzled family of Wnt receptors (Bhanot et al., 1996; Yang-Snyder et al., 1996) . A Xenopus homologue of Frzb-1 is expressed in the gastrula organizer overlapping with the expression of Xnot, and when ectopically expressed in the dorsolateral mesoderm it functions as an antagonist of Wnt-8 signaling, leading to a reduction in expression of XmyoD (Leyns et al., 1997; Wang et al., 1997) . These observations are consistent with the hypothesis that endogenous Frzb-1 inhibits Wnt-8 function in the dorsal mesoderm, contributing to a sharpening of the boundary between the domains of expression of Xnot and XmyoD.
Conclusions
BMP-2/-4 and Wnt-8 signaling cooperatively function in the patterning of the Xenopus mesoderm. They are both capable of, and required for, upregulating ventrolateral marginal gene expression and promoting ventrolateral mesodermal development. However, endogenous Wnt-8 function appears to be subordinate to BMP-2/-4 function in the ventrolateral marginal zone in that functional BMP-2/-4 signaling is required for Wnt-8 to be able to induce ventrolateral gene expression and in that BMP-4 overexpression appears to be able to compensate for an inhibition of Wnt-8 function. Moreover, while Wnt-8 is expressed in the ventrolateral mesoderm, its function may be restricted more to just the lateral mesoderm, as ventral cells express an inhibitor of Wnt-8, Sizzled (Salic et al., 1997) . Indeed, the ventral repression of Wnt-8 activity by Sizzled has been proposed as the mechanism which keeps Wnt-8 from maintaining XmyoD in this extreme ventral region (Salic et al., 1997) . In the dorsal mesoderm Wnt-8 further patterns the mesoderm by negatively regulating the expression of Xnot, concomitant with Wnt-8 positively regulating XmyoD in the lateral mesoderm. This repression of Xnot is blocked in extreme dorsal cells by the dorsal expression of another Wnt-8 antagonist, Frzb-1 Fig. 6 . Xwnt-8 functions to pattern the marginal zone by inducing XMyoD and repressing Xnot expression. The figure shows a drawing of a gastrula stage Xenopus embryo in a vegetal view with the dorsal side oriented to the top and the ventral side to the bottom. The expression of Xwnt-8 in the ventrolateral marginal zone is drawn in brown, XMyoD expression in the ventrolateral marginal zone is red, and the Xnot expression domain in the most dorsal marginal zone is indicated in purple. Our results suggest that endogenous Xwnt-8 signaling functions to repress Xnot expression and confine it to the most dorsal marginal zone, and to induce XMyoD expression in the lateral marginal zone. Xwnt-8 may not induce XMyoD ventrally owing to the ventral expression of a Xwnt-8 antagonist (Salic et al., 1997) . Xwnt-8 therefore acts in the patterning of the mesoderm into future notochord and future somites. (Leyns et al., 1997; Wang et al., 1997) . The functions of both Wnt-8 and its dorsal inhibitor may therefore position the notochord/somite boundary. We conclude that Xenopus embryos use Wnt-8 to both positively and negatively regulate gene expression in the mesoderm of the gastrula, and these functions of Wnt-8 are themselves regulated by the ventral and dorsal expression of inhibitors of Wnt function.
Experimental procedures
Xenopus laevis (Daudin) embryos, where indicated, were injected with capped RNA (Ambion mMessage mMachine kit) encoding a control protein (approx. 4 ng of prolactin RNA per embryo, gift from Peter Walter), a dominant-negative Wnt (dnXwnt-8, approx. 4 ng per embryo, Hoppler et al., 1996) , or RNA encoding a dominant-negative BMP-2/-4 Receptor (DmTFR11, here designated dnBMPR, Suzuki et al., 1994) into the marginal zone of all blastomeres at the 4-cell stage. Where indicated, control DNA (approx. 500 pg of CSKA CAT DNA per embryo, Christian and Moon, 1993) , CSKA Xwnt-8 DNA (approx. 500 pg per embryo, Christian and Moon, 1993) , or CSKA BMP-4 DNA (approx. 500 pg per embryo, Jones et al., 1996) was injected into the marginal zone of the two dorsal blastomeres or one blastomere on the left side of 4-cell embryos according to standard procedures (Moon and Christian, 1989) . Gene expression was analyzed, as indicated, at gastrula stages (staging according to Nieuwkoop and Faber, 1967) by RNA in situ hybridization (Harland, 1991) with probes against Xwnt-8 (Christian et al., 1991) , Xenopus BMP-4 (Schmidt et al., 1995) , gsc (Cho et al., 1991) , Xpo (Sato and Sargent, 1991) , Xvent-1 (Gawantka et al., 1995) , Vox (Xvent-2, Onichtchouk et al., 1996; Schmidt et al., 1996) , XMyoDa (Frank and Harland, 1991) , Xnot (von Dassow et al., 1993) , or chordin (Sasai et al., 1994) .
